Embryonic patterning and germ-cell specification in mice are regulative and depend on zygotic gene activities. However, there are mouse homologues of Drosophila maternal effect genes, including vasa and tudor, that function in posterior and germ-cell determination. We report here that a targeted mutation in Tudor domain containing 1͞mouse tudor repeat 1 (Tdrd1͞Mtr-1), a tudor-related gene in mice, leads to male sterility because of postnatal spermatogenic defects. TDRD1͞MTR-1 predominantly localizes to nuage͞ germinal granules, an evolutionarily conserved structure in the germ line, and its intracellular localization is downstream of mouse vasa homologue͞DEAD box polypeptide 4 (Mvh͞Ddx4), similar to Drosophila vasa-tudor. Tdrd1͞Mtr-1 mutants lack, and Mvh͞Ddx4 mutants show, strong reduction of intermitochondrial cement, a form of nuage in both male and female germ cells, whereas chromatoid bodies, another specialized form of nuage in spermatogenic cells, are observed in Tdrd1͞Mtr-1 mutants. Hence, intermitochondrial cement is not a direct prerequisite for oocyte development and fertility in mice, indicating differing requirements for nuage and͞or its components between male and female germ cells. The result also proposes that chromatoid bodies likely have an origin independent of or additional to intermitochondrial cement. The analogy between Mvh-Tdrd1 in mouse spermatogenic cells and vasa-tudor in Drosophila oocytes suggests that this molecular pathway retains an essential role(s) that functions in divergent species and in different stages͞sexes of the germ line.
G
erm-line specification in many animals depends on the asymmetric partitioning of maternal determinants in oocytes. In Drosophila, females with homozygous loss-of-function mutations in posterior-group genes produce embryos that are defective in pole cells and abdominal formation, and several products of such genes, including oskar, vasa, and tudor, are localized to the pole plasm (1, 2) . oskar triggers germ-line formation upstream of vasa and tudor (3, 4) , and vasa regulates the intracellular distribution of Tudor protein (5) . Interestingly, discrete granulofibrous structures, termed polar granules, are present in the pole plasm (6) , and the products of oskar, vasa, and tudor accumulate in the polar granules (1, 2) . Similar cytoplasmic structures are also observed in the germ line of diverse animals, such as P granules in Caenorhabditis elegans (7) and germinal granules in Xenopus (8) . Based on morphological similarities including amorphous shape, the absence of surrounding membranes, and close association with mitochondria or nuclei, these ribonucleoprotein-rich cytoplasmic structures are collectively called nuage (9) or germinal granules. Nuage in oocytes and early embryos is thought to participate in the accumulation͞ partitioning of germ-line determinants, although the evidence is circumstantial, resting on the properties of mutants lacking nuage components and nuage (2) .
In mice, germ-cell specification occurs among pluripotent epiblast cells depending on intercellular induction from somatic cells (10) (11) (12) (13) , and the maternal contribution to this specification has not been identified. Correspondingly, the presence of nuage during this determination process remains obscure. On the other hand, nuage in mice is discernible in differentiating germ cells at later stages, such as in spermatogonia and developing oocytes, and is most prominently observed in meiotic spermatocytes and haploid spermatids (14) (15) (16) (17) . In this study, we use the traditional term ''intermitochodrial cement'' for nuage observed among mitochondrial clusters in spermatogonia, spermatocytes, and in oocytes, and ''chromatoid body'' for larger solitary aggregates that are characteristic in spermatocytes and spermatids. Nuage in differentiating germ cells is not generally involved in asymmetric partitioning, and thus its developmental function may differ from that present during germ-line specification.
Interestingly, a homologue of Drosophila vasa, which encodes a DEAD box RNA helicase (18, 19) , exists in mice (20) . However, the mouse vasa homologue͞DEAD box polypeptide 4 (Mvh͞Ddx4) is expressed in differentiating germ cells rather than during germ-cell specification, and MVH protein has been shown to localize to chromatoid bodies in spermatids (21) . The targeted disruption of Mvh leads to male-specific sterility because of postnatal defects in early spermatocytes (22) , although Mvh is expressed in both male and female germ cells.
Tudor domain containing 1͞mouse tudor repeat 1 (Tdrd1͞Mtr-1; herein referred to as Tdrd1 following mouse genome informatics nomenclature) is a tudor-related gene in mice (23, 24) . TDRD1 protein contains four Tudor domains and a zinc-finger MYND domain. The repeated copies of the Tudor domain were originally identified in Drosophila tudor protein, which is genetically downstream of vasa in regard to its intracellular localization (5, (25) (26) (27) (28) . We previously showed that Tdrd1 is expressed in differentiating germ cells, and that the protein predominantly localizes to intermitochondrial cement in spermatocytes and chromatoid bodies in spermatids (24) . The germ-line expression, domain architecture, and intracellular localization to nuage are common properties shared by mouse TDRD1 and D. tudor.
In this study, we report that a targeted mutation of Tdrd1, a potential hypomorphic allele, leads to complete male sterility because of postnatal spermatogenic defects. Comparative analyses of the Tdrd1 and Mvh mutants revealed that the two genes have conserved properties and relationships analogous to those of tudor and vasa in Drosophila oocytes. Notably, Tdrd1 mutants lack, and Mvh mutants showed great reduction of, intermitochondrial cement in both spermatogenic cells and oocytes, although both mutants are male-specific sterile. This finding provides evidence that nuage assembly is not a critical prerequisite for oocyte development and female fertility in mice and suggests differing requirements for nuage and͞or its components between male and female germ cells in mice.
Results

TDRD1 Is a Component of Mouse Nuage͞Germinal Granules in both
Male and Female Germ Cells. We previously reported that TDRD1 protein is present in fetal prospermatogonia, postnatal spermatocytes, and round spermatids, and that it localizes to intermitochondrial cement in spermatocytes and chromatoid bodies in round spermatids (24) . In this study, we produced an anti-TDRD1 antibody, which was more sensitive than the previous one, and refined the immunostaining conditions by minimizing the tissue fixation strength to better retain the antigenicity. By these modifications, we found that TDRD1 was also detectable in postnatal spermatogonia (Fig. 1A , arrowheads) and in oocytes (Fig. 1E) , with a fine granular appearance in the cytoplasm. By immunoelectron microscopy, TDRD1 in these cells were clearly localized to nuage, i.e., intermitochondrial cement ( Fig. 1 B and  F) , like that in spermatocytes (Fig. 1C) and chromatoid bodies in spermatids (Fig. 1D) . TDRD1 is the only molecule reported so far that localizes to nuage in spermatogonia and especially in oocytes in mice.
Targeted Mutagenesis of Tdrd1. As a basis for designing a targeting vector of Tdrd1, we carried out 5Ј-RACE and obtained four transcript variants of Tdrd1 as summarized in Fig. 2A (for details, see Supporting Text, which is published as supporting information on the PNAS web site). The Tdrd1 gene consisted of 27 exons that spanned Ϸ50 kb on chromosome 19. Because the multiple domains of TDRD1 protein were encoded in separated exons, a Tdrd1 gene-targeting vector was designed to disrupt the first coding ATG of transcript variants 1-3. The drug selection cassette also replaced the promoter region of transcript variant 4 (Fig. 2B) . Chimeric mice produced from homologous recombinant ES cells (29) were mated with wild-type females, and heterozygous mice were intercrossed to derive homozygous mice. Genotypes of the offspring were confirmed by Southern blotting (Fig. 2C ) and by sequencing PCR products around the recombination junction (data not shown).
TDRD1 protein was undetectable in homozygous mutant testes by Western blotting probed with anti-TDRD1 C-terminal antibody (Fig. 2D) . However, immunostaining of sections of homozygous testes with the antibody exhibited weak signals ( Fig.  2 E and F) . RT-PCR analyses of Tdrd1 transcripts revealed that homozygous testes produced truncated forms of transcript variants 1 and 2 in which exons 1 and 2 were directly joined to exon 4, skipping the 5Ј-UTR of exon 3. The truncated transcripts had a potential ORF of 928 aa ( Fig. 2G ) with the first ATG in exon 8, which was the same ORF in the wild-type transcript variant 4. The 5Ј-UTRs were Ͼ400 bp long, and two ORFs preceded the first ATG in exon 8. The translation efficiency from this potential ORF was quite low if present at all, because no truncated product was detected by Western blotting of heterozygous testes that contained the normal composition of spermatogenic cells (Fig. 2D ). However, low levels of leaky scanning or reinitiation of translation (30) tm1/tm1 mice were viable and showed no abnormalities in gross appearance. However, Tdrd1 tm1/tm1 males were sterile, whereas females were fertile. Testes of Tdrd1 tm1/tm1 adult mice were much smaller (Ϸ30% by weight) than wild-type testes (Fig. 6A , which is published as supporting information on the PNAS web site), and spermatogenesis was severely disorganized (Fig. 6 B-D) . In contrast, Tdrd1 tm1/tm1 ovaries showed no histological abnormalities ( Fig. 6 E and F) .
Immunostaining for germ-cell-specific nuclear antigen (31) and for meiotic synaptonemal complex protein 3 (SYCP3͞SCP3; ref. 32) showed that spermatogonia and early spermatocytes at the leptotene-zygotene stages were normally present in Tdrd1 tm1/tm1 testes ( Fig. 3 A and B) . However, the differentiation of spermatocytes later than the pachytene-diplotene stages was blocked in a subset of seminiferous tubules (Fig. 3B, arrowhead) , whereas in others, meiosis progressed further (Fig. 3B , arrow, and C and D), and haploid round spermatids up to step 7 were differentiated ( Fig. 3 E and F) . At 8 weeks after birth, Ϸ20% of Tdrd1 tm1/tm1 seminiferous tubules contained only spermatogonia and leptotene-zygotene spermatocytes, 65% contained up to pachytene-diplotene spermatocytes, and the remaining 15% harbored round spermatids. Cellular elongation or nuclear condensation of spermatids did not occur in Tdrd1 tm1/tm1 testes, and mature spermatozoa were lacking, consistent with male sterility. RT-PCR analyses confirmed the above histological results (Fig. 3G) . Sycp3, Sycp1, and Acr, which are expressed in meiotic spermatocytes (32) (33) (34) , were detected in Tdrd1 tm1/tm1 testes at approximately the same levels as in wild type. Odf1͞RT7 and Tnp2, whose expression begins in round spermatids (35, 36) , were also detected but at reduced levels, and Prm1, which is expressed at the latest stage of round spermatid differentiation (37) , was undetectable in Tdrd1 tm1/tm1 testes.
The defects among Tdrd1 tm1/tm1 spermatocytes could arise through an intrinsic requirement of Tdrd1 function or through an indirect effect after the lack of elongated spermatids and spermatozoa, which could cause the detachment of spermatocytes from the seminiferous epithelium. To distinguish between these possibilities, we examined the first occurrence of spermatocyte defects in prepubertal testes (for details, see Supporting Text and Fig. 7 , which is published as supporting information on the PNAS web site). At 14 days postpartum (dpp), when the first population of spermatocytes reaches the pachytene-diplotene stages but before the appearance of round spermatids, apoptosis was already increased among Tdrd1 tm1/tm1 spermatocytes compared with wild type. Then, elevated apoptosis was seen among both spermatocytes and round spermatids at 20 dpp and continually in adult Tdrd1 tm1/tm1 testes. Thus, spermatogenic defects in Tdrd1 tm1/tm1 testes first occur in a subset of spermatocytes, and the remaining spermatocytes further develop up to round spermatids, whose differentiation is then completely blocked, followed by apoptotic cell death.
Mvh Regulates the Intracellular Localization of TDRD1. MVH͞DDX4 is another component of mouse nuage that functions in postnatal spermatogenesis (21, 22) . To reveal a possible relationship between Tdrd1 and Mvh, we compared the localization pattern of these two proteins (data are presented in Fig. 8 , which is published as supporting information on the PNAS web site, and Supporting Text). In brief, TDRD1 showed a fine granular appearance that corresponds to intermitochondrial cement in spermatogonia and developing oocytes, whereas MVH was diffusely observed in the cytoplasm in these cells. During spermatocyte differentiation, MVH showed granular distribu- tion that merged with TDRD1, but such localization of MVH was gradual and occurred later than TDRD1. In round spermatids, the two proteins precisely colocalized to larger solitary aggregates that correspond to chromatoid bodies (21, 24) . In all, TDRD1 more consistently localized to nuage than MVH during germ cell differentiation, whereas MVH translocated from the cytoplasm to nuage in spermatocytes.
The expression and localization of TDRD1 and MVH were next examined in each reciprocal mutant. In Tdrd1 tm1/tm1 testes, MVH protein was detected, and cytoplasmic granules in spermatocytes and spermatids were similarly seen as in wild type (Fig. 4 A and B) . On the other hand, in Mvh 1098/1098 testes whose spermatogenesis ceases during the meiotic prophase of spermatocytes (22) , TDRD1 protein in spermatogonia and surviving spermatocytes did not exhibit characteristic granular localization. Instead, TDRD1 was diffusely distributed in the cytoplasm or more notably showed a crescent-like accumulation around the nucleus in spermatocytes (Fig. 4 C and D) .
In Tdrd1 tm1/tm1 oocytes, MVH was diffusely present in the cytoplasm as in wild type (Fig. 4 E and F) . In contrast, the localization of TDRD1 was altered in Mvh 1098/1098 oocytes, and the characteristic granular distribution, seen in wild type (Fig. 4  G and H) , was disrupted. Therefore, the intracellular localization of TDRD1 in both spermatogenic cells and oocytesis is downstream of Mvh, whereas Tdrd1 tm1/tm1 mutation does not affect MVH distribution. Considering Mvh 1098/1098 mutants are malespecific sterile, this result revealed that TDRD1 localization to nuage is not directly associated with female fertility.
Tdrd1 and Mvh Are Essential for the Assembly of Intermitochondrial
Cement in both Male and Female Germ Cells. We then examined whether Tdrd1 tm1/tm1 and Mvh 1098/1098 mutants showed any specific changes at the ultrastructural level. In Tdrd1 tm1/tm1 testes, spermatocytes and round spermatids frequently showed degeneration, such as intracellular disorganization and vacuolation. Meanwhile, in surviving spermatocytes and round spermatids, subcellular structures such as synaptonemal complexes, acrosomes, and flagella were seen as in wild type (data not shown). However, intermitochondrial cement in Tdrd1 tm1/tm1 spermatocytes was lacking despite the clusters of mitochondria having formed ( Fig. 5 A and C) . Intermitochondrial cement is observed as minute amorphous material that stains densely among clustered mitochondria. Such staining is sometimes difficult to distinguish from artifacts, other cellular components like ruptured mitochondria, or chromatoid bodies adjoining mitochondria. Very occasionally, Tdrd1 tm1/tm1 spermatocytes showed structures indistinguishable from intermitochondrial cement, but quantitative analysis established that the frequency of such stainings in Tdrd1 tm1/tm1 spermatocytes was very low, if not completely absent, compared with wild type (Table 1 , which is published as supporting information on the PNAS web site). In contrast, chromatoid bodies were clearly observed at similar frequencies in both wild type and Tdrd1 tm1/tm1 round spermatids, although those in Tdrd1 tm1/tm1 spermatids were smaller and less organized than in wild type ( Fig. 5 B and D; see also Table 2 , which is published as supporting information on the PNAS web site). This observation suggests that chromatoid bodies, whose origin has been controversial, likely have a precursor independent of or additional to intermitochondrial cement. In the wild-type testis, intermitochondrial cement is also seen in a subset of postnatal spermatogonia and most of fetal prospermatogonia. However, in Tdrd1 tm1/tm1 mutants, intermitochndrial cement was again virtually absent in these spermatogonial cells (Fig. 5 F and G for prospermatogonia; see also Tables 3 and 4 , which are published as supporting information on the PNAS web site).
In Mvh 1098/1098 testes, spermatogenesis ceases at the prophase of meiosis, and most of the spermatocytes were undergoing degeneration. In surviving spermatocytes, intermitochondrial cement was not observed among clustered mitochondria (Fig. 5E and Table 1 ). We did not find round spermatids in electron microscopy sections examined in this study. On the other hand, intermitochondrial cement was seen in a small subset of Mvh 1098/1098 fetal prospermatogonia, although the number of the structure was greatly reduced compared with wild type (Fig. 5 F and H and Table 3 ).
Both Tdrd1 tm1/tm1 and Mvh 1098/1098 mutants are male-specific sterile, and females are fertile. Unexpectedly, however, intermitochondrial cement was not observed in Tdrd1 tm1/tm1 oocytes and was markedly reduced in Mvh 1098/1098 oocytes (Fig. 5 I-K ; see also Table 5 , which is published as supporting information on the PNAS web site), whereas no other structural changes were identified in both mutants.
Taken together, Tdrd1 and also Mvh are essential for the assembly of intermitochondrial cement in male and female germ cells. This observation provides intriguing evidence that intermitochondrial cement is not a direct prerequisite for oogenesis and female fertility in mice, and it contrasts to polar granules͞ nuage, whose formation is closely correlated with proper oocyte development and patterning in Drosophila. Intermitochondrial cement is also likely dispensable for fetal and postnatal spermatogonia, contrastingly to spermatocytes, whose differentiation was severely impaired in Tdrd1 tm1/tm1 and Mvh 1098/1098 mutants. 
Discussion
The properties and functions of mammalian nuage remain elusive. The chromatoid body in spermatids has been relatively well described because of its prominence by light and electron microscopy. It is implicated in RNA storage and regulation based on the abundance of RNA and RNA-binding proteins such as transition protein 2 mRNA (38) and p48͞52 (39) . Recently, Kotaja et al. (40) reported that the chromatoid body in spermatids contains Dicer and microRNAs, proposing that the structure is involved in a microRNA pathway. Intracellular and intercellular movement of chromatoid bodies also suggests that the structure functions in RNA trafficking and gene dosage compensation (17) . Intermitochondrial cement, on the other hand, is much less studied, although it is more consistently present during germ-cell differentiation. We showed that TDRD1 specifically localizes to both intermitochondrial cement and chromatoid bodies. It is the only identified protein that constitutes nuage in both male and female germ cells and thus would provide a valuable clue to mark and study properties of mammalian nuage.
Tdrd1
tm1/tm1 mutants showed male sterility with postnatal spermatogenic defects. The observed phenotypes may reflect a hypomorph or antimorph of this gene. However, heterogenous phenotypes among spermatocytes and spermatids, similar to those observed in Tdrd1 tm1/tm1 mutants, were also reported for the null mutant of Grth͞Ddx25, which encodes an RNA helicase that localizes to chromatoid bodies (41) . We also found that Mvh 1098/1098 testes harbor a small population of round spermatids, although most spermatocytes are degenerated during the meiotic prophase (data not shown). Thus, heterogenous defects during postnatal spermatogenesis may represent a common loss-of-function phenotype of a group of nuage components, including TDRD1. Although further entire deletion of the Tdrd1 gene would help examine whether additional phenotypes exist, the Tdrd1 tm1 allele revealed that the tudor-related gene plays essential roles in postnatal spermatogenesis in mice. This Tdrd1 tm1 allele also provides a precious mutant that lacks intermitochondrial cement in both male and female germ cells.
The molecular function of the repeated copies of the Tudor domain remains elusive. The single Tudor domain in the Survival Motor Neuron protein binds to Sm proteins of small nuclear ribonucleoproteins and functions in the assembly of the spliceosomal complex (42, 43) . Consistently, TDRD1 and Sm proteins form complexes and colocalize in chromatoid bodies (24) . Recently, 53BP1 containing two neighboring Tudor folds that comprise a single globular domain was shown to bind methylated histone H3 (44, 45) . Multiple Tudor domains may function to assemble proteins that associate with each Tudor domain into macromolecular complexes. In addition, D. tudor is required for the localization of mitochondrial ribosomal RNAs to polar granules (46) , implying that it also acts in RNA assembly. In agreement with the presumed scaffold function of multiple Tudor domains, hypomorphic and null mutants of D. tudor greatly reduce the number and size of polar granules in oocytes (25, 28) , and Tdrd1 tm1/tm1 mutants lacked intermitochondrial cement in both male and female germ cells. In contrast, chromatoid bodies in spermatids were clearly observed in Tdrd1 tm1/ tm1 mutants, although they were smaller and less organized compared with wild type. The origin of chromatoid bodies has been obscure and controversial. The structure has been suggested to arise from intermitochondrial cement or nuclei based on morphological similarities and topographical relations (14) . We propose that the chromatoid body incorporates components from intermitochondrial cement, as exemplified by TDRD1 that localizes to both structures, but it should also have another source of precursors such as from the nucleus. In mice, there are other Tudor-related proteins, TDRD6 and TDRD7͞TRAP, which localize to chromatoid bodies (M.H., unpublished work). It is conceivable that these proteins compensate TDRD1 for its spermatogenic function and the assembly of chromatoid bodies in Tdrd1 tm1/tm1 mutants. Recently, RNF17 was also shown to contain multiple Tudor domains in addition to a RING finger domain. Interestingly, Rnf17 gene-targeted mice exhibit male sterility, but RNF17 localizes to cytoplasmic structures that are distinct from intermitochondrial cement and chromatoid bodies (47) . The RNF17 granules may represent a novel type of nuage that has an essential function in spermatogenesis in mice.
We showed that Mvh is upstream of TDRD1 with respect to intracellular localization. The perinuclear accumulation of TDRD1 in Mvh 1098/1098 spermatocytes suggests a possibility that TDRD1 takes part in trafficking molecules from the nucleus to the intermitochondrial regions, and that this TDRD1 activity depends on Mvh. The results for Tdrd1 and Mvh are comparable to those reported for D. tudor and vasa in several aspects: (i) both genes in Drosophila and mice are expressed and function in the germ line (25, 48, 49) , (ii) the protein products of these genes localize to nuage in common (5, 50, 51) , (iii) polar granules are not formed or greatly reduced in vasa and tudor mutants similarly to intermitochondrial cement in Mvh and Tdrd1 mutants (25, 28, 48, 49) , and (iv) the intracellular distribution of Tudor͞TDRD1 is regulated downstream of vasa͞Mvh (5). One clear difference, on the other hand, is that Drosophila vasa-tudor maternally function in oocytes, whereas mouse Mvh-Tdrd1 zygotically play roles in spermatogenic cells. Thus, a group of genes and their molecular pathway that are essential for germ-cell specification and early embryonic patterning in Drosophila are likely conserved and analogously function in the germ line in mice but during the postnatal differentiation of male germ cells. Nuage is a site of assembly for these evolutionarily conserved molecules and probably retains a function(s) that is essential and independent of the differentiation stage, sex, and species of the germ line.
One particular and intriguing question raised in this study is whether mouse oocytes lacking intermitochondrial cement, as those in Tdrd1 tm1/tm1 and Mvh 1098/1098 mutants, are not substantially affected at the molecular level, or whether certain aberrations actually occur, but overall catastrophe does not follow. The latter possibility is supported by the notion that oocytes are less susceptible to meiotic checkpoint controls than spermatogenic cells in mice (52) . This may also explain the sexual dimorphisms in Tdrd1 tm1/tm1 and Mvh 1098/1098 phenotypes. Similar questions would also apply to fetal and postnatal spermatogonia.
The identification of molecular changes underlying these two mutant oocytes and spermatogonial cells would help to further reveal cellular and developmental features associated with nuage, an enigmatic ribonucleoprotein structure specifically conserved in the germ line.
Materials and Methods
Targeted Mutagenesis. A 1.5-kb Tdrd1 genomic fragment upstream of the first coding ATG and a 6-kb fragment downstream of exon 3 were ligated to the neomycin resistance gene cassette of pKO SelectNeo (Lexicon Genetics, The Woodlands, TX) and to the diphtheria toxin A fragment gene cassette from pND3. The Tdrd1 targeting vector was used to derive homologous recombinant ES cells, and chimeric mice were produced from two recombinant ES clones. Male chimeras of one line were mated with wild-type females to obtain heterozygous mice.
For further details, see Supporting Text.
